Introduction
In the US, 20 million people suffer from chronic kidney disease (CKD) [1] , which often manifests itself as fibrosis of the kidney. Renal fibrosis is characterized by the dysfunction of epithelial cells, loss of capillaries, increased collagen deposition, massive expansion of the activated myofibroblast population and an influx of inflammatory cells [2] . On the molecular level, several pathways have been proposed to contribute to CKD development.
In order to better understand the pathogenesis of CKD, we and others performed genome-wide transcriptome analysis studies on human kidney tissue materials obtained from patients with CKD [3] [4] [5] [6] . Several of these studies detected increased activity of the Notch pathway in CKD samples.
Notch signaling
The Notch pathway was first described by John S. Dexter Thomas in Drosophila in the early 20th century, when a mutation of the Notch gene resulted in notches at the margins of the wing blades of fruit flies. The molecular analysis and sequencing of the pathway was undertaken in 1980 [7] . Notch is present in all metazoans, and mammals possess four different Notch receptors, referred to as Notch1-4 [8] . The Notch receptor is a single-pass transmembrane receptor protein [8, 9, 10 ] . Notch is initially produced in the endoplasmic reticulum as pre-Notch. Maturation of the Notch receptor requires the glycosyltransferase Fringe. Pre-Notch is then cleaved by a furin-like convertase into an intracellular and an extracellular domain and then transported to the plasma membrane. The extracellular domain is involved in ligand binding and the intracellular domain works in signal transduction. Notch ligands are also single-pass transmembrane proteins and are members of the DSL (Delta/Serrate/LAG-2) family of proteins. In mammals, the corresponding names for the ligands are Delta-like and Jagged. Interaction of ligands with the Notch receptors triggers a series of proteolytic cleavages, by a metalloprotease of the ADAM family (TACE, tumor necrosis factor-a-converting enzyme) and finally by the gamma secretase complex (Fig. 1 ). This final cleavage results in the release of Notch intracellular domain (NICD). NICD then translocates to the nucleus and binds to other transcriptional regulators (mainly of the CBF1/RBP-JK, SU(H), Lag1 family) to trigger the transcription of the target genes, mainly belonging to the Hes and Hey family. This core signal transduction pathway is used in most Notch-dependent processes and is known as the 'canonical' pathway. However, depending on the cellular context, the amplitude and duration of Notch activity can be further regulated at various points.
The general problem that Notch solves is the resolution of a binary decision in cell fate, one in which a few dispersed cells in a field of undifferentiated cells must acquire a new fate, and further, must communicate to neighboring cells that they should follow a different fate [9, 11] . The function of the Notch signaling pathway has been subdivided into three categories. The first is called lateral inhibition, by which a population of equivalent cells with very small differences are resolved into different fates. The second category is lineage decisions whereby Notch signaling between two daughter cells is dependent on asymmetrical inheritance of Notch regulators; for example B-cell versus T-cell fate decision in the immune system of mammals. Lastly, Notch signaling that occurs between two populations of cells can establish boundaries or segregate the two groups.
Notch plays a key role in kidney development
The mature human nephron consists of several different segments. During nephrogenesis, the formation of the S-shaped body is the first step in the nephron segmentation process [12 ] . The lower part of the S-shaped body gives rise to future podocytes, the middle part gives rise to proximal tubular epithelial cells, the upper part becomes the thick ascending limb of the loop of Henle and the distal convoluted tubule.
Prior studies have established the expression pattern and key role of Notch signaling in nephron segmentation [13, 14] . Notch1 was found to be expressed in the prospective mesangium and by the prospective distal tubule and collecting ducts. Notch2 was present in the primitive proximal tubule with very faint co-localization with podocyte progenitors. Notch ligand Jagged1 showed faint expression in primary vesicles, comma-shaped bodies, and S-shaped bodies and later in developing distal tubules and the prospective loop of Henle. Jagged1 was also detected in proximal tubules; however, no expression was observed in podocytes. The Dll1 signal was strong in both the prospective proximal tubules and loop of Henle. Hes1 mRNA was expressed in both mesenchymal and epithelial structures early during nephron development but appeared to decrease with glomerular maturation, whereas Hes5 was specifically found in the ascending limb of the loop of Henle. Hey1 was expressed in pretubular aggregates and renal vesicles, suggesting its possible role in early nephron development. HeyL was expressed in the glomerular cleft, renal vesicles and endothelial cells around the developing glomerulus and also in segments of the prospective proximal tubules. These studies indicate a very carefully choreographed expression pattern for the different Notch ligands, receptors and downstream targets.
Functional studies performed by Cheng et al. [15] demonstrated a key role of Notch signaling in nephron development. In the presence of a gamma-secretase inhibitor (which blocks Notch signaling), fewer renal epithelial structures developed from cultured mouse metanephroi [15] . Similar results were obtained from mice with genetic deletion of genes that are part of the Notch processing-gamma secretase complex (Pre-senilin1, 2). Presenilin deficiency in the kidney led to severe nephrogenesis defects and virtually no comma or S-shaped bodies, or mature glomeruli [16] . Later studies performed by Kopan's group indicated that whereas both Notch1 and Notch2 are expressed in developing kidneys, Notch2 plays a nonredundant role in the process [17, 18] . Deletion of Notch1 did not alter kidney development, whereas genetic ablation of Notch2 caused the loss of proximal kidney epithelium (podocyte, proximal tubule 
Role of notch in the glomerulus
Once kidney development is complete, very little Notch activity can be observed in mature rodent and human kidneys [6, 19, 20] . Immunostaining studies using cleavage site-specific antibodies or mice with genetic indicators for Notch activity showed a complete absence of Notch signaling in the glomerulus (Fig. 2) . Interestingly, if Notch1 expression is kept elevated (using transgenic mouse models) in developing podocytes (in the capillary loop stage), animals rapidly develop albuminuria and glomerulosclerosis and die by 3 weeks of age [21 ] . Conversely, genetic deletion of Notch transcriptional cofactor (Rbpj) in podocytes at and after the capillary loop stage did not induce any phenotypic changes in rodent kidneys [21 ] . These studies highlighted the importance of Notch silencing in mature podocytes in maintaining the glomerular filtration barrier.
Recently performed antibody-based expression analysis using samples from 10 different renal disease groups found increased NOTCH1 and NOTCH2 expression in different renal disorders [22 ] . Statistical analysis performed across all disease groups indicated that podocyte expression of NOTCH1, 2 and JAGGED1 correlates with the degree of albuminuria and glomerulosclerosis (Fig. 2) .
Transgenic and knock-out technology was used to interrogate the functional role of Notch in kidney disease. Niranjan et al. [6] generated mice with podocyte-specific inducible expression of the intracellular domain of Notch1 (ICN1) in adult animals (4 weeks old). These animals rapidly developed proteinuria and glomerulosclerosis and died a couple of weeks after Notch1 expression was turned on. On the mechanistic level, ICN1 induced p53 expression and subsequent podocyte apoptosis was thought to be responsible for glomerulosclerosis. Conversely, podocyte-specific genetic deletion of the Notch transcriptional partner (Rbpj) protected mice from diabetes-induced podocyte loss and albuminuria. Blocking the Notch pathway with a gamma-secretase inhibitor also ameliorated the puromycin aminonucleotideinduced nephrotic syndrome in rats [6] . In addition, the authors identified an interaction between Notch and Tgf-b1 signaling. Tgf-b1 regulates the Notch ligand Jagged1 expression leading to increased active Notch1 levels [23] . Notch expression in vivo or in vitro increased Tgf-b1 levels indicating a positive feedback loop.
Recently, Lin et al. [24 ] , using a pharmacological inhibitor of Notch signaling (DAPT, a gamma secretase inhibitor), reported the role of the Notch pathway in a rat model of diabetic nephropathy. They found increased Notch activity upon culturing podocytes in high glucose-containing medium. In cultured podocytes, Vegf treatment increased cleaved Notch1 levels, decreased nephrin expression and induced podocyte apoptosis. These studies highlighted the close connection between Notch and Vegf pathways. In summary, these recent studies describe increased podocyte Notch activity in proteinuric kidney diseases and suggest that podocyte Notch1 contributes to the pathogenesis of proteinuria and diabetic kidney disease. Notch, Vegf and Tgf-b pathways appear to interact in mediating podocyte injury.
Whereas it appears that expression of Notch1 in mature/ differentiated podocytes plays a role in CKD development [6, 21 ] , a recent study suggests that expression of 58 Hormones, autacoids, neurotransmitters and growth factors Notch in renal progenitors might play a role in renal regeneration. Lasagni et al. [25 ] suggest that the severity of glomerular damage depends upon a Notch1-3 regulated balance between podocyte death and regeneration provided by renal progenitors. The authors describe that Notch1 expression in mature podocytes causes podocyte apoptosis; however, they found that in-vitro differentiation of human renal progenitor cells was enhanced by Notch1-3 expression. Moreover, Notch inhibition (with the use of the gamma secretase inhibitor DAPT) in a mouse model of transient proteinuria (induced by doxorubicin) resulted in an early decrease of albuminuria and protection of Notch-induced podocyte apoptosis; however, it did reduce recovery at the later stages. Whereas these experiments indicate that Notch in renal progenitor cells can contribute to repair, it remains to be seen whether progenitor cell-mediated repair actually occurs in patients with glomerulosclerosis, as a full remission in these patients is only rarely seen.
Role of Notch in tubular epithelial cells, acute kidney injury and fibrosis
It appears that a few renal tubular epithelial cells remain positive for active Notch1 even after kidney development is complete. The role of these Notch-positive cells in renal homeostasis has not yet been studied. It seems, however, that short-term gamma secretase-based inhibition of Notch signaling does not induce obvious phenotypic changes in the kidney.
As we discussed earlier, Notch2 plays a key role in proximal tubule development. On the contrary, genetic deletion of Notch signaling from the ureteric bud (i.e. the prospective collecting duct) causes nephrogenic diabetes insipidus in mice [26] . As often seen, developmental pathways are re-activated in organs during acute injury and play a role in regeneration. While studying acute kidney injury using the ischemia reperfusion model, Kobayashi et al. [27] noted the increased renal expression of Notch2, its ligand Delta1 and Hes1. Co-culturing of Delta1-expressing stromal cells with renal tubular cells induced the proliferation of tubular epithelial cells; therefore, the authors hypothesized that Notch2 expression might play a role in tubular epithelial cell regeneration during acute kidney injury.
Gene expression studies performed on control and diseased human kidneys identified the increase in Notch and related genes in the tubulointerstitial portions of diabetic kidneys (Fig. 2 ). Walsh and his co-workers [4] were one of the first to describe elevated levels of Jagged1 and Hes1 in microdissected tubulointerstitial samples of renal biopsies from diabetic nephropathy patients, when compared to control living donors. Using in-situ hybridization, they demonstrated the specific up-regulation and co-expression of Jagged1 and Hes1 in renal tubuli. Notch-pathway-based gene clustering was able to distinguish diabetic nephropathy samples from control living donor samples or minimal change disease samples.
Recent studies by Murea et al. [22 ] suggest that the activation of the Notch pathway is not specific for diabetic kidney disease, but can be observed in a wide range of renal diseases. Tubulointerstitial expression of cleaved Notch1 correlated with the degree of tubulointerstitial fibrosis and glomerular filtration rate across a spectrum of renal diseases. Increased Jagged1 expression was also observed in kidneys of mice with tubulointerstitial fibrosis using ureteral obstruction or folic acid-induced renal fibrosis models [28] . Recently, Bielesz et al. [29 ] performed pharmacological, genetic in-vivo and in-vitro experiments to study the role of Notch in renal tubules during acute kidney injury, regeneration and chronic tubulointerstitial fibrosis. Folic acid given to mice in high doses precipitates in the renal tubules and causes acute kidney injury evident as a rise in serum creatinine, after which the acute injury renal fibrosis develops [29 ] . Gamma secretase inhibitors did not interfere with creatinine decline in the folic acid-induced acute kidney injury model, indicating that Notch might be dispensable during renal regeneration in acute kidney injury. More interestingly, using the folic acid-induced fibrosis model, they demonstrate that Notch blockade significantly reduced tubulointerstitial fibrosis. Similarly, genetic deletion of the Notch partner Rbpj (using PEPCK cre / Rbpj flox conditional knock-out mice) was able to ameliorate folic acid-induced fibrosis, whereas conditional inducible expression of cleaved Notch1 in tubular epithelial cells rapidly induced the development of tubulointerstitial fibrosis in mice. Interestingly, on the molecular level, whereas Notch induced apoptosis of mature glomerular podocytes, it promoted proliferation of tubular epithelial cells and fibroblasts. These findings indicate that the Notch pathway plays a key role in tubulointerstitial fibrosis.
Potential clinical relevance
In addition to its important role in organ development, Notch also has important implications in the pathogenesis of many different human disease conditions, including T-cell acute lymphoma leukemia, breast cancer, melanoma and other solid tumors, and pharmaceutical companies have already developed an entire arsenal of inhibitors [10 ,30] . Most of them bind and block the gamma secretase enzyme complex which plays a key role in cleaving the Notch receptor following ligand binding [31] . Interestingly, the same complex mediates the release of b-amyloid in the brain and gamma-secretase inhibitors (GSIs) are in clinical trials for the treatment of Alzheimer's disease [32, 33] .
The main side effect of these inhibitors is their gastrointestinal toxicity [34] . The use of GSIs are associated with secretory metaplasia manifested as a marked increase in intestinal goblet cells and the arrest of intestinal crypt cell proliferation, thus limiting their potential therapeutic use. However, a recent study suggests that this toxicity can be circumvented by concomitant administration of glucocorticoids. Real et al. [35] reported that for the treatment of T-cell acute lymphoblastic leukemia this combined therapy not only improved antileukemic effects, but also reduced gut toxicity in vivo. Such an approach could potentially be translated for the use of renal disorders, as glucocorticoid treatment is currently the mainstream therapy for most glomerular disorders. Another important alternative could be the use of soluble selective blocking antibodies [36 ] . Recent studies suggest that selective blocking of Notch1 inhibits tumor growth in preclinical models through two mechanisms: inhibition of cancer cell growth and deregulation of angiogenesis. Whereas inhibition of Notch1 and Notch2 causes severe intestinal toxicity, inhibition of either receptor alone reduces or avoids this effect, demonstrating a clear advantage over pan-Notch inhibitors. This could be another potential strategy to reduce Notch signaling. Further studies are needed to determine the role of Notch1 and Notch2 in CKD development.
Conclusion
Notch plays a key role in kidney development. The Notch pathway is mostly silenced once kidney development is complete with only a few cells remaining positive for Notch in the adult kidney. Several recent studies showed the reactivation of this pathway in different renal disorders. Transgenic and knock-out studies indicate that activation of Notch in glomerular or tubular epithelial cells causes renal fibrosis development. Pharmacological studies also suggest that inhibition of this pathway could be an important therapeutic strategy for CKD.
